[2] also found that filament density in the tail increases 1.6-fold in high methylcellulose, suggesting that Listeria motility might be able to 'self strengthen' when confronted with high resistance.
these filaments at a 70° angle to the sides of existing filaments, a network of Y-branched filaments is formed. Elongation of actin filaments at their barbed ends pushes the bacterium forward. Capping protein caps filament barbed ends, blocking further elongation. Cofilin mediates filament depolymerization, allowing recycling of actin monomers to barbed ends. Ybranching and capping are both needed for force generation. Y-branching crosslinks and stiffens the filament network, allowing concerted polymerization of multiple filaments to push the bacterium forward. Barbed end capping limits filament length, which limits filament bending and buckling during elongation [7] . Two additional proteins, profilin and VASP, are not required but greatly enhance Listeria motility. Profilin promotes nucleotide exchange on actin monomers; because actin is an ATPase that hydrolyzes ATP after incorporation in a filament, profilin probably speeds up monomer recycling. The role of VASP is more difficult to assess, and is discussed below.
As we learn about the biochemistry of Listeria motility, a key challenge will be to connect the molecular details of the polymerization machinery to the ensemble dynamics of force generation by filament networks. This connection demands a quantitative description of the forces generated during tail assembly. Recent experiments have begun to address this problem by measuring forces and velocities generated during motility in vitro, and this is where the new work of McGrath et al. McGrath et al. [2] found that velocity decreased in a roughly hyperbolic, curvilinear decay. This curvature was much more pronounced than predicted by existing motility models. A curvilinear force-velocity curve is also exhibited by single microtubules polymerizing against a fixed barrier [9] . Furthermore, the highest drag forces used (200 pN) failed to stop movement. Because the maximum (stall) force for a polymerizing actin filament is ~10 pN [10] , this result implies that motility must be powered by many growing filaments. McGrath et al. [2] also found that filament density in the tail increases 1.6-fold in high methylcellulose, suggesting that Listeria motility might be able to 'self strengthen' when confronted with high resistance.
Another study [11] probed force by preparing synthetic liposomes bearing ActA protein. When placed in a bovine brain extract medium, these vesicles grow comet tails and move at speeds similar to Listeria. Unlike bacteria, however, liposomes readily deform. Upadhyaya et al. [11] found that actin-propelled vesicles distort into a teardrop shape. This implies that the trailing edge of the vesicle is held stationary or pulled backward by the center of the comet tail, even as the sides of the vesicle are pushed forward by actin polymerization. Upadhyaya et al. [11] used estimates of membrane elasticity and osmotic forces to determine the forces exerted by the tail at different locations along the tail-membrane interface. Consistent with observations by the other groups, the forces generated by an actin comet tail are large, > >3000 pN per µm 2 of membrane, but distributed unevenly over the trailing edge of the membrane. These forces are comparable to lamellipodia stall forces, which are ~2000 pN per µm 2 [12] .
Upadhyaya et al. [11] also found that the vesicles moved and changed shape discontinuously. First, the vesicle sides are pushed forward as the rear of the vesicle is held taut, creating the teardrop shape. Then the trailing edge is released, the vesicle rounds up and the cycle begins anew. These results agree generally with those of McGrath et al. [2] , demonstrating a strong interaction between the particle -ActA-covered vesicle or Listeria -and comet tail. But the step lengths observed in the two studies differ by 1000-fold. The mechanisms responsible for these stepping phenomena remain unclear.
Wiesner et al. What accounts for this discrepancy? First and most obviously, the composition of the in vitro systems used by the two groups is very different. Perhaps force-sensitive factors [13] are present in the extract system but not in the defined system. Second, the studies calibrate drag differently. In these experiments, drag is determined by solution viscosity and wall effects. The Reynolds number (Re) is the ratio of inertial forces to viscous forces. At Re < <10 -4 viscous coupling between a moving particle and a wall -a coverslip -is the major drag source, even when the particle is 500 diameters from the wall [14] . The actin-propelled beads or bacteria operate at Re < <10 Wiesner et al. [7] found that short-chain methylcellulose, which increases viscosity only slightly, decreases velocity ~2-fold, an effect that might be due to methylcellulose-mediated bundling of actin filaments. Wiesner et al. [7] normalized their velocity values to account for this effect.
These studies exemplify a future direction of the field: detailed biophysical analysis of chemically defined motility systems. Using such a system, the molecules responsible for the observed phenomena can be identified. Which molecules tether Listeria to comet tails? Which molecules retard forward movement at the rear of ActA-coupled vesicles? Quite possibly, the same molecule might mediate both processes. Arp2/3 complex, which binds both the particle-bound activator -ActA or N-WASP in these studies -and the comet tail, might serve such a role. In this context, it would be interesting to determine whether the N-WASP-coated Current Biology R303 
